Abstract In vacuum switch devices, the connection bus bar out of the vacuum interrupter will generate a transverse magnetic field in the arc column region, and under the influence of this magnetic field, the whole arc column will deflect from the electrode center, thus leading to deflected anode erosion. In this paper, a two-dimensional deflected anode erosion model is established, anode erosions under different deflection distance are simulated and analyzed, and results of anode surface temperature, anode melting and surface evaporation flux are obtained. The simulation results show that the deflected heat flux density will lead to deflected distribution of anode temperature, saturated vapor pressure and vapor flux correspondingly, and the morphology of the anode melting pool has also the same deflection. Moreover, the anode center temperature and its gradient along the y direction decrease with the increase of deflection distance. On the contrary, the temperature of the anode side surface, toward which the heat flux density deflects, increases with increasing deflection distance. Related experiments also verify the correctness of the model and simulation results.
Introduction
Vacuum arcs widely appear in many fields, such as vacuum arc thruster [1] , vacuum circuit breaker (VCB) [2] , vacuum ion sources [3] and rail gun [4] . For VCB, it has the advantages of being lightweight, small in size and non-polluting, so it is extensively used in medium-voltage electrical power systems. Presently, VCB is developing toward high-voltage and highcurrent directions. The vacuum interrupter (VI) is a critical part of VCBs. With increasing interruption current, anode activity in VI becomes more obvious and it will significantly affect the interruption capacity of VI [5−14] . Thus, research on the anode erosion process has great significance for the understanding of the interruption process of high-current vacuum arcs, while modeling and simulation is one of the most important tools.
As to modeling and simulation of anode activity in vacuum arcs, B. Gellert and W. Egli [14] have simulated the process of melting and evaporation of copper under an intense and pulsed heat source based on a one-dimensional model. Y. Niwa et al. [15] established a model with evaporation, mass loss and influence of material melting taken into account. In the model of E. Schade and D. Shmelev [16] , the influences of anode vapor on vacuum arc characters are considered. Based on a one-dimensional model, K. Watanabe et al. [17] have obtained anode surface temperature variation with time. L. Wang et al. [18] have modeled and simulated the anode thermal process in vacuum arcs using a twodimensional (2D) axisymmetric model. The above research adopted 2D axis-symmetric models, and they assumed that the heat flux density transferred into the anode is symmetrically distributed. But, among the numerous unsuccessful vacuum interruptions, by observing images of electrode erosion after dissection, it can be found that an obvious deflected erosion phenomenon occurred there. In this paper, major attention is paid to modeling and simulation of this deflected erosion phenomenon. Firstly, an asymmetric 2D anode erosion model is established in section 2. Then, a heat flux density, which deflects from the electrode center, is input to the anode surface, and a control volume integration method is adopted to simulate the anode thermal process in section 2. The simulation results of anode melting and evaporation will be obtained for different deflection distance in section 3, in which related experimental results are also discussed. Existing problems and future prospects are discussed in section 4. Conclusions are finally drawn in section 5.
2 Deflected anode erosion model for vacuum arcs
Physical and mathematical model
The cup-shaped electrode in VI mainly consists of an electrode plate, electrode cup and conducting rod.
Considering that the arc burning time in successful interruption will not exceed a half cycle (10 ms) in VI, the heat flux transferred away from the electrode cup and conducting rod in such a short time is little, almost negligible, so it is only necessary to establish the model for the internal part of the electrode plate. Its physical model is shown in Fig. 1 . In the interruption process of VI, the external conducting wire and conducting rod will generate an external transverse magnetic field (ETMF), whose direction is shown in Fig. 1 . Under the influence of this ETMF, the whole arc column will suffer a rightward ampere force and then deflect toward the right direction, leading finally to deflected anode erosion.
In the simulation, a real electrode dimension is adopted; electrode diameter is 35 mm and thickness is 4 mm, and the material is pure copper. Melting and evaporation of the anode are time varying dynamic processes, so the model adopted in this paper is a transient model. Furthermore, thermal conduction, continuous heating from the arc, and latent heat in the phase transition of electrode melting and evaporation are considered in the model; detailed physical property parameters are shown in Ref. [19] . We select the FLU-ENT software to simulate the deflected anode erosion, because this software can solve melting and solidification problems more conveniently.
Assumptions of the model in simulation process are given as follows:
a. Radiation energy loss is not considered [14, 18] ; b. Thermal convection and turbulence in melting pool are not considered [14, 18] ; c. Mass loss caused by splashing of droplets is not considered;
d. Latent heat of melting and evaporation in phase transition process is considered.
The mathematical model is similar to our previous paper [18] .
Boundary condition

Boundary condition of anode surface
In the simulation, the net value of heat flux density injected into the anode surface is equal to the heat flux density from the arc (q arc ) minus that taken away by copper vapor (q ev ). q arc is the distribution of heat flux density, whose symmetric axis is not located at the electrode center, but deflected from it a distance. In practice, ETMF makes the arc column deflected from electrode center, and then leads to deflected heat flux density distribution on the anode surface, so the deflected heat flux density adopted in the simulation is the consequence of ETMF effect. The following distribution is adopted in this paper:
. (1) Here, x is the position in the x direction, xx is the distance the heat flux density deflects from the anode center (in this paper, xx = 0 mm, xx = 2.5 mm, xx = 5 mm and xx = 7.5 mm are adopted, respectively.), and q arcp is the peak value of heat flux density transferred into anode.
In the simulation, a typical value of q arcp is selected (1.2 × 10 9 W/m 2 ) [4, 7, 18] , and the heat flux density distribution at peak value moment is shown in Fig. 2 , in which EC denotes the electrode center, and H represents the symmetrical axis of heat flux density.
The energy carried away by copper vapor is given as follows:
Here, q 1 is evaporation latent heat of one copper atom, F ev is vapor flux, and the detailed derivation process can be found in Ref. [18] . 
Boundary condition of anode side surface
Heat flux on two side surfaces of the anode is assumed to be 0, that is to say:
Boundary condition of anode bottom
Melting depth is usually far less than the anode thickness, and thermal conduction in the electrode cup and conducting rod is ignored in this paper, so the heat flux at the anode bottom is also assumed to be 0, that is to say:
3 Simulation results and analysis 3.1 Anode temperature 3.1.1 Temperature contour Fig. 3 shows anode temperature contours for different deflection distance. Melting depth and the scale of large temperature gradient region are far less than the anode thickness; in order to analyze conveniently, only a region of 2 mm in thickness is shown in Fig.3 . It can be seen that near the depth of 2 mm the anode temperature rapidly decreases to 300 K, which also verifies the correctness of the boundary condition set above. Furthermore, temperature contours intuitively show that with increasing deflection distance, the high temperature region is not located at the anode center but deflected from it a distance.
Temperature at the center of anode surface
Temperatures of the anode surface center at different moments are shown in Fig. 4 . It can be seen that all of the temperature curves have the same changing trend and reach their maximum values at about 7 ms, which is mainly due to the influence of thermal inertia. Further, with increasing deflection distance, temperature gradient and maximum value both decrease. When there is no deflection, the highest temperature at the anode surface center is 2711.8 K; when the deflection distance increases to 2.5 mm, 5 mm and 7.5 mm, the highest temperature at the anode surface center decreases to 2678.4 K, 2554.6 K and 2261.1 K, respectively. With increasing deflection distance, the energy absorbed by the anode surface center becomes less and less, so the temperature at the anode surface center decreases. Fig.4 Center temperature of the anode surface at different moments 
Anode temperature along the y-direction
For different deflection distance, the distribution of anode center temperature along the y direction at 5 ms is shown in Fig. 5(a) . It can be found that the anode center temperature decreases sharply along the y direction, around the depth of 2 mm the anode temperature has already decreased to 300 K or so, which is equal to the anode bottom (4 mm) temperature, which illustrates that there is no variation of temperature at the anode bottom. Furthermore, with increasing deflection distance, the anode center temperature and its gradient decrease along the y direction, which is mainly because the energy absorbed by the anode center becomes less and less.
At 5 ms, the distribution of temperature of the anode side surface on the side toward which the heat flux density deflects, is shown in Fig. 5(b) . On the anode side surface, the temperature also rapidly decreases to 300 K around the depth of 2 mm. Meanwhile, with increasing deflection distance, the temperature on the anode side surface also increases. When there is no deflection, the maximum temperature reaches only 732.2 K and the temperature gradient is not very large. When the deflection distance increases to 2.5 mm, 5 mm and 7.5 mm, the maximum temperature reaches 944.2 K, 1203.5 K and 1452.4 K, respectively. At 7.5 mm deflection distance, the maximum temperature (1452.4 K) already exceeds the melting point (1355 K), and thus melting also appears on the anode side surface, so an inflection point can be seen in Fig. 5(b) .
Saturated vapor pressure and vapor flux
The distributions of anode surface saturated vapor pressure are shown in Fig. 6 for different deflection distance. During 1-3 ms, the temperature of the anode surface is lower than the melting point, and melting does not happen on the anode surface, and thus the saturated vapor pressure is very low, so in Fig. 6 the saturated vapor pressure of the melting region is only shown for 4-10 ms. The saturated vapor pressure has similar variation trend as the temperature curve. At 7 ms, it reaches the maximum value, which can be higher than 10000 Pa. Such high pressure is almost equal to the plasma pressure of the arc column in vacuum, and will influence the arc column. During 7-10 ms, with decreasing temperature, the saturated vapor pressure also begins to decrease, but its value is still larger than the value at the corresponding moment before it reaches its peak value, which can be explained by thermal inertia. The value of saturated vapor pressure at zero-current moment (10 ms) has a serious effect on whether the vacuum interrupter (VI) can successfully execute interruption or not. As shown in Fig. 6 , the saturated vapor pressure is still higher than 100 Pa at 10 ms, which enhances the possibility of unsuccessful interruption. In Fig. 6(d) , the anode side surface begins to melt, so the saturated vapor pressure on the anode side surface becomes higher, and the maximum value has already reached 80 Pa or so.
The vapor flux is a function of temperature, so with increasing deflection distance, the distribution of vapor flux exhibits the same trend of deflection, which is similar to the behavior of saturated vapor pressure.
Melting width and melting depth
Melting contours for different deflection distance are shown in Fig. 7 . Melting depth is far less than the anode thickness; in order to analyze conveniently, only a region of 1 mm in thickness is shown in Fig. 7 . From  Fig. 7 , it can be seen that, the melting contours are similar to the temperature contours. In Fig. 7(d) , the anode side surface already starts to melt at 5 ms, which is harmful for successful interruption. This is because the melting of the anode side surface under the influence of arc plasma pressure will generate droplets in VI.
Related experimental results about deflected electrode erosion
Lots of experiments have been conducted in a detachable vacuum chamber with an internal pressure of 1×10 −3 Pa maintained by a turbo-molecular pump. The alternating current with a frequency of 50 Hz is supplied by an LC circuit. Images of the arc column are captured through the observation window with a high-speed digital camera (Phantom V10.0), whose exposure time is 2 µs. The VI part of the experiment circuit is similar to the sketch in Fig. 1 , the conducting wire and the conducting rod are about 1000 mm and 520 mm long, respectively. Pictures of the deflected arc column and electrode erosion are shown in Fig. 8 . From  Fig. 8 , it can be seen that the arc column is deflected from EC toward the right side of the electrode, leading to deflected anode erosion. In Fig. 8 the distance between EC and H is about 5 mm, which also verifies the rationality of xx value adopted in this paper. This kind of deflected electrode erosion also verifies the correctness of the present model and simulation. Additionally, in Ref. [20] , electrode deflected erosion due to external bus bar has also been found. Ref. [21] also found that an external transverse magnetic field can lead to a decrease of VI interruption capability. 
Discussion
The distance the arc column deflected from the electrode center is mainly related to the strength of ETMF. Shorter conducting rod and longer conducting wire will generate a stronger ETMF, and under a stronger ETMF the arc column will subject to a stronger Ampere force, which will lead to a bigger deflection distance. On the contrary, an axial magnetic field (AMF) with stronger field intensity at the center and weaker on the edge makes the cathode spots and arc column concentrate on the electrode center area, which weakens the deflection effect caused by ETMF. ETMF is harmful for successful interruption of VI. In order to reduce the strength of ETMF, an effective way is adopting a longer conducting rod, increasing the strength of AMF to some extent or using magnetic shielding.
In practice, the leading-out terminal is far away from VI, that is to say, the strength of ETMF is weak. But, with the increase of electrode gap, the controlling effect of AMF on the arc decreases with the decrease of AMF strength. Therefore, although the ETMF is weak, its influence may not be negligible. In addition, Copper-Chromium alloy (like CuCr25, CuCr50 and so on) electrode is widely used in commercial contacts; its ablation performance is better than copper, so the erosion of the electrode observed in the present experiment is more serious.
The model proposed in this paper is an asymmetric 2D model, which is an extension of the model established in Refs. [14] and [18] . But it has also some demerits, for instance, it cannot calculate deflected anode erosion under varied Ampere force during the ignition half-cycle of wave. In the future, we will further develop our model to consider more factors.
Conclusions
In this paper, a 2D model is established for deflected anode erosion. Based on this model, the deflected anode erosion phenomenon is simulated and analyzed, and the following conclusions are drawn:
a. Deflection of heat flux density makes the temperature distribution on the anode surface exhibit a similar deflection, which leads to deflected anode erosion. With deflected heat flux density, the saturated vapor pressure and vapor flux also deflect toward the same direction.
b. The temperature of the anode center and its gradient along the y direction decrease with increasing deflection distance. However, the anode surface temperature on the side, toward which the heat flux density deflects, and its gradient increase with increasing deflection distance.
c. With increasing deflection distance, the most serious erosion doesn't occur at the anode center, and the melting of the anode side surface enhances the possibility of unsuccessful interruption.
